The locally unsteady flow field near the orifice outlet of an aerostatic thrust bearing causes the gas pressure fluctuation on the bearing surface, which induces microvibration even if an invariable load acts on the bearing. In this article, flow field disturbance structure was designed for the air chamber of an aerostatic thrust bearing to change the microscopic flow field inside the bearing. Numerical calculation showed that flow field disturbance structure altered the gas flow characteristics in local flow field near the orifice outlet. Moreover, the fluctuating pressure on the bearing surface decreased obviously. Experiments demonstrated that the microvibration of the bearing with flow field disturbance structure was suppressed evidently. Furthermore, the influence of flow field disturbance structure parameters on the microvibration was analyzed experimentally.
Introduction
The pressurized gas effuses from orifice and shoots to the bearing surface when an aerostatic thrust bearing works as a supportive element. At the orifice outlet, gas flow alters quickly as gas channel area increases suddenly and flow direction changes sharply. 1 The local flow field experiences complicated transformation (laminar flow transmits to turbulent flow and then in an inverse order) and many vortices even negative pressure (relative to the bearing outlet) emerges in the air chamber. 2 The unsteady flow causes rapid fluctuation of the pressure on the bearing surface and induces the bearing microvibration in frequency varying from several hertz to several thousand hertz and in amplitude of sub-micrometers. However, the gas film damping coefficient of the bearing is too small to attenuate the vibration energy immediately. Vibration isolation is less effective as the microvibration always occurs even if an inviable load acts on the bearing, whereas it may make the structure complicated and influence the static and dynamic performance of the bearing. In recent years, the mechanism and corresponding suppression methods for the microvibration of an aerostatic thrust bearing have gained wide attention.
Yoshimura et al. 3 reported that the sub-micrometers microvibration of an aerostatic thrust bearing was caused by the unsteady flow field near the bearing outlet. The Reynolds number near the bearing outlet was in correlation with the vibration amplitude and it should be reduced if an aerostatic thrust bearing was designed with high precision. Chen and colleagues 4, 5 reported that the vortex inside an aerostatic thrust bearing induced the microvibration. Using vortex strength (the maximum pressure difference between the vortex center and the edge) to forecast the microvibration amplitude, they found that an aerostatic thrust bearing with a spherical air chamber was more stable than the bearing with a rectangular air chamber or without an air chamber. Furthermore, they verified the conclusion experimentally. Aoyama et al. 6, 7 numerically analyzed the stability of the flow field inside an aerostatic thrust bearing with an inherent orifice-type restrictor. They reported that vortex strength could be reduced and the microvibration be suppressed by rounding the orifice outlet. Xu et al. 8 increased the gas film damping coefficient by adopting an air spring damping structure. Experiments showed that the microvibration energy was decayed quickly and the vibration amplitude was suppressed obviously. Using the maximum Mach number of gas velocity in the air film as the benchmark of bearing stability, Li et al. 9 reported an optimization method of designing aerostatic bearing with high stiffness and no microvibration.
In this article, flow field disturbance structure (FFDS) was designed for the air chamber of an aerostatic thrust bearing with a pocketed orifice-type restrictor to change the locally unsteady flow field near the orifice outlet and reduce the fluctuating pressure on the bearing surface. Numerical calculations and experiments demonstrated that FFDS had little effect on the load carrying capacity (LCC), stiffness, and mass flow rate (MFR) of the bearing. However, the microvibration was suppressed significantly. Compared with other microvibration suppression methods for an aerostatic thrust bearing, FFDS had the merits of simple structure, easy manufacture, and better suppression effect. The method might give a new way of designing an aerostatic thrust bearing with high precision and low microvibration.
This article is organized as follows: the next section gives the model of an aerostatic thrust bearing with FFDS, and a comparison of the flow characteristics is made between an aerostatic thrust bearing with a conventional structure and that with FFDS. The subsequent section verifies the effectiveness of FFDS on microvibration suppression. The section followed analyzes the influence of FFDS parameters on the microvibration. Conclusions are given in the last section.
Model of an aerostatic thrust bearing with FFDS and its flow field characteristics Figure 1 (a) shows the conventional structure of an aerostatic thrust bearing with a pocketed orifice-type restrictor-where d 1 is the orifice diameter, D 1 is the bearing diameter, D 2 is the air chamber diameter, h 1 is the film thickness, and h 2 is the air chamber depth.
The gas channel area increases sharply from pd 2 1 =4 to pd 1 (h 1 + h 2 ) or pD 2 h 1 after the pressurized gas effuses from the orifice when the bearing works as a supportive element. The suddenly decreasing fluid resistance increases the compressible gas velocity and even reaches the supersonic velocity. The flow field near the orifice outlet is like a nozzle. Moreover, the flow direction makes a sudden turn of nearly 90°, which causes the flow field near the orifice outlet complicated. In order to visualize the flow characteristics, large eddy simulation (LES) was used to analyze the flow field inside the bearing. Unlike Reynolds-averaged NavierStokes (RANS), LES solves the turbulent motion larger than a certain scale. It can capture the large-scale effect and coherent structures existing in the unsteady and unbalancing process. Compared with direct numerical simulation (DNS), LES can save calculation time as it need not solve the turbulent flow of all scales. Moreover, it can analyze the flow status accurately and the calculation results coincide with experiments. Therefore, it was used to analyze the time-variation flow field inside an aerostatic thrust bearing and attain the fine flow structures. 10 The theory, model, and parameter setup of LES were given in our previous work. 11 In the calculations, the Fluent computational fluid dynamics (CFD) code is used. A two-dimensional model is constructed to save the calculation time as the bearing is axisymmetric, as shown in Figure 1 (b). It consists of one symmetry axis, one pressure inlet, one pressure outlet, and five walls. All the elements are quadrangle. The grid and time step independence validation is conducted, and the results indicated that a grid of 60,421 nodes and 10 25 s time step produced a satisfactory accuracy. Although the results of the twodimensional simulation LES are not accurate compared with that of the three-dimensional simulation, this work aims to attain the fluctuating pressure on the bearing surface and predict the microvibration amplitude qualitatively. Two-dimensional simulation can meet the requirements and same calculation time obviously.
The whole flow field inside the bearing is calculated. However, the flow characteristics near the orifice outlet is enlarged and displayed as it changes quickly and influences the microvibration of the bearing greatly. The pressure and velocity contours near the orifice outlet of an aerostatic thrust bearing with a pocketed orifice-type restrictor (d 1 In order to change the unsteady flow field near the orifice outlet and make the bearing stable, FFDS (symbol A in Figure 3 ) is designed for the air chamber of an aerostatic thrust bearing with a pocketed orifice-type restrictor, where d 2 and d 3 are inner and outer diameter of FFDS, respectively, h 3 is the height of FFDS, and the width of FFDS is w = (
The pressure and velocity contours of the bearing with FFDS are shown in Figure 4 The parameters of d 1 , D 1 , D 2 , h 1 , h 2 , and supply pressure are the same as those of the bearing with a conventional structure. It is concluded that the number of the vortex decrease noticeably after adding FFDS inside the bearing. Therefore, FFDS makes the flow field near the orifice outlet more stable than the bearing with a conventional structure. Figure 5 compares the fluctuating pressure on the bearing surface between the bearing with a conventional structure and that with FFDS. The maximum fluctuating pressure decreases from 396.4 to 167.1 Pa after adding FFDS in the air chamber. It is concluded that the fluctuating pressure is restrained significantly and the microvibration of the bearing can be suppressed. The reason is that the flow structure is disturbed and the vortices are suppressed by FFDS that make the fluctuating pressure on the bearing surface to be reduced.
Experiments
Aerostatic thrust bearings with a conventional structure and FFDS were designed and manufactured in order to verify that FFDS could suppress the microvibration of the bearing, as shown in Figure 6 Experiments were carried out on the performancetesting device (as shown in Figure 7 ) as illustrated in our previous wok. 12 In the experiments, LCC of the bearing with different film thicknesses was first determined, as shown in Figure 7 (b). The film thickness was measured by a displacement transducer (type GT2-H12K; Keyence Corporation) in the step. Then, an equal load generated by a set of weights especially designed and manufactured for the experiments was fastened to the bearing. The film thickness was equal to the corresponding film thickness attained in the previous step because the load was equal to LCC when the microvibration was not considered. It was difficult to measure the microvibration amplitude directly with high precision displacement sensor as the vibration was in sub-micrometers scale and with a broad bandwidth. Therefore, three acceleration sensors (type 352C42; PCB Corporation, axisymmetrically disposed) were fastened on the weight for vibration acceleration testing, as shown in Figure 7 (c). The microvibration amplitude was calculated by double integral of the acceleration.
The acceleration signal might drift and deviate from base line because of the influence of unstable factors, such as environmental vibration. Direct integral of the acceleration signal would bring bigger errors. Therefore, polynomial least squares method was used to eliminate the mean deviation. Suppose the vibration signal obtained by experiments was x k (k = 1, 2, . . . , n), n is the number of the measured data, the fitted trend term function was written as equation (1) 
where m was polynomial order and sampling interval was Dt = 1/f s . f s was sampling frequency. The error squares sum between x k and x _ k was as follows
The coefficient a j ( j = 0, 1, 2, . . . , m) of the trend term function x k made E minimum. Seek the conditions that E reached the extreme value
m + 1 equations could be obtained by equation (4) 
Resolved equation (4) In the Fourier transformation, the Fourier component of acceleration signal at frequency v was as follows
where M was the coefficient of a(t). Suppose the initial velocity of the microvibration amplitude was zero, the vibration velocity at time t could be calculated by integral of the acceleration signal
where v(t) was the Fourier component of the microvibration velocity at frequency v and V was the coefficient of v(t). The relationship between the acceleration and the velocity in frequency domain was as follows
Suppose the initial amplitude and velocity of the microvibration were zeros
The first integral formula in frequency domain was as follows
The second integral formula in frequency domain was as follows 
X(k) was the Fourier transformation of x(r). where
f d and f u were the lower and upper cutoff frequencies, respectively. Figure 8 shows the microvibration of the aerostatic thrust bearings with a conventional structure and that with FFDS. The maximum vibration amplitude decreases from 53.9 to 28.6 nm of the bearing with FFDS. The microvibration of the bearing is suppressed obviously. Figure 9 illustrates LCC by LES calculation and experiments. The LCC is calculated by the mean pressure on the bearing surface. The figure shows that LES can predict LCC accurately. Influence of FFDS parameters on the microvibration of the bearing Tables 1 and 2 list the microvibrations of an aerostatic bearing with different supply pressures, FFDS parameters, and film thickness. It is concluded that FFDS suppresses the microvibration for the bearing with different supply pressures and film thicknesses. The microvibration of the bearing with FFDS increases with the growth of supply pressure and film thickness. Moreover, the position, width, and height of FFDS influence the microvibration evidently. By analyzing the relationship between FFDS parameters and the microvibration amplitude, one can find the following consequences:
1. The microvibration amplitude increases with the growth of FFDS inner diameter if other parameters are constant. The reason is that the unsteady flow field appears near the orifice outlet. The smaller the distance is away from the orifice outlet, the larger the turbulence strength is. Therefore, the smaller the inner diameter of FFDS is, the better effect of flow field disturbance is. 2. The microvibration of the bearing decreases with the growth of FFDS width if other parameters are constant. The larger the width of FFDS is, the closer the bearing is to an inherent orifice type (air chamber diameter D 1 = 0). The bearing is more stable. 3. The microvibration of the bearing decreases with the increase in FFDS height if other parameters are constant. The larger is the height of FFDS, the better effect of the flow field disturbance is. The microvibration suppression is more effective.
Conclusion
In this article, FFDS was designed for the air chamber to change the microscopic flow field near the orifice outlet of an aerostatic bearing with a pocketed orificetype restrictor. Numerical calculation indicated that FFDS could restrain the fluctuating pressure on the bearing surface. Experiments demonstrated that the microvibration of the bearing was suppressed evidently. However, FFDS had little effect on LCC, stiffness, and MFR of the bearing. The microvibration of the bearing could be suppressed if FFDS was featured with small inner diameter, larger width, and big height. Compared with other microvibration suppression methods, FFDS had the merits of simple structure, easy manufacture, and better suppression effect. The future work will focus on the systematical analysis of the influence of FFDS parameters on the microvibration so as to investigate the structure parameters' optimization method for designing a low microvibration aerostatic thrust bearing by adopting FFDS.
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